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EVIDENCE THAT ULTRAVIOLET-INDUCED THYMINE DIMERS
IN DNA CAUSE BIOLOGICAL DAMAGE

By RicHarp B. SETLow AND JANE K. SETLOW

BIOLOGY DIVISION, OAK RIDGE NATIONAL LABORATORY *

Communicated by Alexander Hollaender, May 2, 1962

Ultraviolet radiation inactivates cells, viruses, and biologically active DNA’s,
destroys the priming activity of DNA in the calf thymus polymerase system,!
and causes mutations. It is reasonable to suppose that much of the deleterious ac-
tion of ultraviolet light arises from photochemical changes in DNA, such as chain
breakage, cross-linking of strands, hydration of the pyrimidines, and formation of
dimers between adjacent thymine residues in the polynucleotide chains (see refs.
2 and 3 for reviews). It has not been possible to show that any of these changes
leads to biological inactivation, although many such interpretations have been
made. A fundamental difficulty in identifying photochemical products with ul-
traviolet-induced biological damage is that increasing ultraviolet doses result in
increasing numbers of all types of products, and those made in even small amounts
may have devastating biological effects. If some of the photochemical events could
be increased or decreased relative to others during biological inactivation, one could
correlate biological alteration with relative amounts of photochemical products per
DNA molecule.

The ratio of thymine dimets to other products in irradiated DNA can apparently
be altered under appropridte conditions, and the present work gives evidence that
ultraviolet-produced thymine dimers in Hemophilus influenzae transforming DNA
lead to a loss in transforming activity. Thymine dimers are not, however, suffi-
cient to explain all the observed inactivation by ultraviolet radiation.

Materials and Methods—In the biological experiments, transforming DNAft
from streptomycin- and cathomycin-resistant H. ¢nfluenzae was suspended in 0.1
M NaCl at a concentration of 1 ug/ml and irradiated at room temperature. Meth-
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ods of irradiation and transforming assay have been given previously.! Anti-
biotics were added to the top agar layer to give a final concentration of 5 ug/ml
cathomycin and 500 pg/ml streptomycin. Absorbance changes due to ultraviolet
irradiation were determined using the same preparation of DNA, but at a concen-
tration of 30 ug/ml, in a Beckman spectrophotometer, with an unirradiated sample
as a blank. N

Ezxperimental Results and Discussion.—Dimers, TT, between adjacent thymine
residues, T, T, in polynucleotides are both made and broken by ultraviolet radia-
tion,>7 but the action spectra for the two processes are different. Such dimers have
been isolated from the DNA of irradiated bacteria.® The constants ¢ and ov, which
represent cross sections with units cm?/incident quantum, are wavelength-depend-
ent and are different functions of wavelength.57 ¢ At any given wavelength a
large dose of radiation yields a steady state in which the fraction of T, T sequences
dimerized is o¢/(ot + o1). Because the ¢’s have different wavelength dependencies,
the fraction of T,T sequences existing as dimers is also wavelength dependent.
Similar photochemical changes are known for uracil,’! but have not been found for
DNA bases other than thymine.

The maximum possible number of dimers formed is less than the number of T,T
sequences,® because groups such as T,T,T will only form one dimer, even though
they represent two T, T sequences; furthermore, at very high doses other side reac-
tions may occur before a dimer is formed, and in native DNA some T,T’s may be
held so rigidly in a double helix that the probability of forming a dimer is small.

Table 1 shows values of these constants for polythymidylic acid. It is apparent
that at long wavelengths the equilibrium is well over on the side of dimers, but
that shorter wavelength irradiation yields an equilibrium value of only 14 per cent
dimers. Thus DNA heavily irradiated at 2800 A contains large numbers of dimers.
If this DNA is subsequently exposed to radiation of shorter wavelength, dimers
are broken and the new equilibrium value is quickly approached, as indicated by
the large values of ov.

Two types of experiments suggest that thymine is implicated in biological al-
teration by ultraviolet radiation. First, a reactivating effect by 2390 A radiation
has been shown for DNA priming activity in a calf thumus polymerase system.!
The activity previously had been destroyed by 2800 A radiation. Second, the ul-
traviolet action spectrum for reversion of two T4 point mutants irradiated during
the latent period resembles the thymidine absorption spectrum.!* If thymine
dimers are involved in biological damage, transforming DNA inactivated by 2800 A
radiation should be partially reactivated by subsequent exposure to radiation of
shorter wavelength.

The relation between transforming activity and incident ultraviolet dose is a com-
plicated one, even though at 2800 A the fraction of T, T dimers® !3 and presumably
other photochemical products increases almost linearly with dose. If we separate
the photochemical changes into dimers and other unknown products, X, and let

(TT) equal the fraction of T, T sequences which are dimers, we may represent the
survival, S, as a function of these products by the equation

S = £ (%), (TT)), (1)
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where both (X) and (’I/"\I‘) increase with dose, D. It has been found that, for small
doses, at all wavelengths investigated,*

V1/8S =1+ aD 2

and the sensitivity constant, a,, is wavelength dependent. At high doses this simple
relation breaks down, as may be seen in Figure 1, and as was suggested previously.!®
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Fig. 1.—Inactivation of ability of irradiated DNA to transform. Note that the ordinate
scales are different in a and b. S is the number of cells transformed with irradiated DNA
divided by the number of cells transformed with unirradiated DNA. The dotted lines are
extensions of the straight-line portions of the curves. There is a large error in the deter-
mination of the highest dose point at 2,800 A for the streptomycin marker in b, since only
one transformed colony was observed.
The deviations from equation (2) depend on wavelength, since at 2800 A for the
streptomycin marker the deviation occurs at a survival level which is in the straight-
line portion on the 2390 A graph. This means that at high doses the function, f, of
equation (1) is different for different wavelengths, and implies that at high doses the
proportions of different inactivation processes differ with wavelength.?

The use of two normally inactivating wavelengths in sequence allows us to pro-
duce large variations in (T'T) with only small variations in (X) in equation (1),
and hence permits an evaluation of the relative roles of TT and X in the inactiva-

tion process. This specific effect on TT, which has not been observed for other
products, may be shown actually to occur by chemical isolation of dimers in irra-
diated DNA,!2 and is clearly seen in observations of the absorbance of irradiated

native DNA, where formation of TT causes a decrease in absorbance because the
4.5 double bond is saturated.'? Photohydration'® causes a similar decrease, but is
a minor process in native DNA.” Figure 2 shows how the absorbance changes in
DNA with various combinations of irradiation wavelengths. The decrease in ab-
sorbance with 2800 A radiation is reversed to a large extent by 2390 A radiation,
to a smaller extent by 2480 A, and not at all by 2650 A. The pattern of absorbance

changes, and by inference, (TT) changes, is similar to that given in Table 1 for
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polythymidylic acid. For example,

Figure 2 shows that, for DNA, 5 X ; 100 Te o

10* ergs/mm? at 2800 A followed by = <09 N O?L'“"‘,"'_‘.::-r“-‘

2 X 10* ergs/mm? at 2390 A yields gg \ & P
the same absorbance change as a ‘u;%(': 0.96- S g

single dose of around 1.5 X 10*ergs/ & \J\/‘_‘ /

mm? at 2800 A, a result in agree- 5 9% d\o

ment with the value for polythymi- E '

dylic acid (Table 1). 2 4 6 8 M0 12 fa
. . Ergs/mm®x {0~4
The survival of transforming ac- . .
. . . X Fie. 2.—Absorbance changes in DNA resulting
tivity following sequences of irradi- from various combinations of irradiating wave-

ation at 2800 A plus 2390 A is shown lengths. Where two wavelengths have been used in
succession, the doses are plotted as the sum of

in Figure 3.  The changes are similar  doses at the two wavelengths. © 2,800 A, @ 2,390
to those shown in Figure 2, and are A, W2,480 A, and A 2,650 A.

obviously different from the simple

sum of inactivations at the individual wavelengths. Reactivation is observed if the
initial dose of 2800 A is greater than 1 X 10* ergs/mm?2. The amount of reactiva-
tion by 2390 A radiation, relative to the survival before 2390 A, increases with in-
creasing dose at 2800 A. The survival plateau that the reactivated samples reach
decreases with increasing dose at 2800 A, indicating that processes other than T, T
dimerization are also responsible for inactivation.

TABLE 1

of ~
AVERAGE CONSTANTS OF THE FORWARD AND Back REactions, T, T = TT*
ob

Dose of 2800 A alone
Equilibrium fraction to yield same fraction

Wavelength of ob of dimers of dimers
(A) (10719 em2?/quantum) (10-1? ¢em2?/quantum) of/(of + ob) (104 ergs/mm?)
2390 8 47 0.14 1.1
2480 12 25 0.32 2.6
2650 16 2.5 0.82 12
2800 7 0.16 0.98 ©

* These data for polythymidylic acid have been calculated in terms of incident doses of different
wavelengths. Changes in T, T obtained from ultraviolet absorbance changes, calculated from the
data of Deering and Setlow.s

Figure 4 shows that it is the sequence of 2390 A following 2800 A which causes
reactivation, since 2800 A following 2390 A yields no such effect. In the latter
case, the initial inactivation by 2800 A following 2390 A is greater than predicted
for 2800 A alone at the same survival level, because of the large number of undi-
merized T,T sequences.

Figure 5 shows that 2800 A followed by 2480 A or by 2650 A results in survival
patterns also similar to the absorbance changes shown in Figure 2. In addition,
the data for 2480 A reactivation indicate that several processes are occurring, since
small doses reactivate but larger doses lead to a decrease in activity.

Suppose that the formulation of equation (1) is correct and that 2390 A radiation

has no reactivating effect on X. We may assess the relative importance of TT and

X in inactivation by comparing the survival curves for 2800 A irradiation alone with
those for 2800 A plus subsequent 2390 A doses producing maximum reactivation
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(see Fig. 6). In the first case, both (X) and (’I/"I‘) increase with dose at 2800 A,

while, in the latter, for sufficiently high doses of 2800 A, (TT) is at a constant steady
state value and only (X) increases with dose. The survival curves differ for doses
above 1 X 10 ergs/mm?, the dose of 2800 A which gives the maximum number of
dimers obtainable with 2390 A (see Table 1). In the large dose range the survival

curves are very roughly exponential, and the contributions of (X) and (TT) to
inactivation may be found from the relative slopes of the survival curves. The
negative of the slopes is proportional to the reciprocal of the additional dose neces-
sary to decrease the activity by a factor, e. If —Fk; is the slope for 2800 A alone and

— ko for 2800 A plus 2390 A, the relative contribution of TT to inactivation is (k; —
ke)/k1. This method of analysis yields, as seen in Table 2, the result that 50 per
cent of the inactivation at high doses arises from the formation of thymine dimers.

Number of Thymine Dimers per Hit.—Using formal terms, we say that at high

doses of 2800 A, S ~ e—*P and equation (1) becomes In S = Inf [(X), (?T) |= —kD.

The slope of the survival curve is d(In S)/dD = —k. Since (X) and (’i‘\T) are
functions of dose, D,
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TABLE 2

SurvivAL CONSTANTS AT LARGE DosEs*

2800 A alone 2800 A + 2390 A Relative contribution of TT
-k - to inactivation
(104 mm?/erg) (104 mm?/erg) (k1 — k2)/ka
2.1 1.0 0.53
1.6 0.8 0.50

* The reciprocal of the dose of 2800 A necessary to reduce survival by a factor of e for
doses greater than 1 X 104 ergs/mm? and less than 3 X 104 ergs/mm.?
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For 2800 A irradiation alone k = k, = kx + k.

For 2800 A followed by 2390 A, provided dose of 2800A is sufficiently large, o(TT)/
ODggo p = 0, k =k, = kx. Hence,

d

From the definition of k3 (equation 3)
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o) _ _ km  _ __ (ka—k) (5)

d(TT) O(TT)/dDssoo a O(TT)/dDss0

At 2800 A the 1/¢ dose for dimer formation in polythymidylic acid is 8.8 X 10¢
ergs/mm?2. Since this dose corresponds, on the average, to the formation of all

possible dimers, b('I/"\I‘) /0D o = 1/(8.8 X 10%), and the decrease in In S for the

formation of the maximum fraction of dimers A(In S)/A(TT)pax is found by substi-
tuting this number and those given in Table 2 into equation (5). For the catho-
mycin marker, Aln S/1 = 0.8 X 10—+ X 8.8 X 10* = 7. A “hit” corresponds to
Aln S = 1, so that in the high dose range the formation of the maximum number
of dimers is the equivalent of 7 hits.

We get an independent estimate of this number from a comparison of the increase
in survival and absorbance produced by 2390 A irradiation. Irradiation by 2390
A following 2800 A inactivation may be represented by a relation similar to equa-
tion 5 with the constants of the second member evaluated at 2390 A.

on §) _ ke ©
(TT) O(TT)/2Dass0 s

Because for a large initial dose of 2800 A the right-hand side is constant, In S is

proportional to (TT), and In S as a function of dose of 2390 A should be similar to
the relative absorbance as a function of dose. Figure 7 shows a comparison of In
S versus D with the absorbance versus
D. The similarity of the two functions is
050 10990 quantitative evidence that breakage of
thymine dimers restores biological activity.
The absorbance scale has been adjusted
010- /
0054 o/

/ L0980

so that the maximum change in absorb-
ance equals that in In S. The absorb-
ance changes at higher doses than those
used in this work are only about one half
those predicted from the known frequency
of T,T sequences (around 10 per cent),®
and are also one half of those observed in
the irradiation of denatured DNA. Thus,
ool . . irradiation of native DNA can form di-
0 10 20 30 mers in only about 5 per cent of the di-
Ergs/mmf x 107¢ . nucleotide sequences. The formation of a

F1g. 7.—Correlation of change in absorb-

ance with change in biological activity after dimer probably produces a local hyper-
irradiation with reactivating light. Data chromic effect caused by electromagnetic
ﬁ;’;‘(‘ﬁft‘gg“gi 223%% 3A g?fjlgﬁgc‘g ‘;‘f"{ﬁi uncoupling of adjacent bases that will com-
ergs/mm? at 2,800 A. pensate slightly for the loss in absorbance

owing to dimer formation. As a result,
dimerization of 5 per cent of the dinucleotides decreases the relative absorbance

at 270 mu by 0.08. A change in relative absorbance of 0.025 corresponds to a

0.970

PER CENT ACTIVITY (o)

- 0.960

RELATIVE ABSORBANCE AT 270 mpu (e)
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change in S of 15 times, or Aln S of 2.7. The change 0.025 represents ~0.3 of the

maximum possible number of dimers and 9(In S)/b(TT) 2.7/0.3 = 9. The
agreement between this number and the value of 7 obtained in a completely dif-
ferent way from the 2800 A inactivation data is excellent, and is further quantita-
tive evidence that thymine dimers cause biological inactivation.

The change in In S for the maximum possible number of dimers, about 8, means
that an average of one “hit” per molecule (a change in In § = 1) corresponds to
1/ of the maximum number of dimers. Since the maximum number is around 5
per cent of the dinucleotides or one dimer every 20 nucleotides (see preceding para-
graph), an inactivating hit at large 2800 A doses corresponds to one dimer in every
160 nucleotides.

Summary.—The biological transforming activity of Hemophilus influenzae
DNA inactivated by large doses of 2800 A radiation can be reactivated by subse-
quent irradiation at 2390 A. This reactivation has been correlated with a shift in
the steady state distribution of the photochemical reaction causing adjacent thy-
mine residues to form dimers. The kinetics and wavelength dependence for the bi-
ological reactivation are similar to those for the absorbance changes in irradiated
DNA, which, in turn, are caused by making or breaking dimers. The data indicate
that at high doses about 50 per cent of the biological inactivation is due to thymine
dimer formation, and that one inactivating ‘hit” at high doses is the equivalent of
the production of a dimer in every 160 nucleotides.

* Operated by Union Carbide Corporation for the U S. Atomic Energy Commission.

t Kindly supplied by Dr. F. J. Bollum.

1 Bollum, F. J., and R. B. Setlow, in Abstracts Biophysical Society Meeting (Washmgton, D.C,
February, 1962).

2 Marmur, J., W. F. Anderson, L. Matthews, K. Berns, E. Gajewska, D. Lane, and P. Doty,
J. Cellular Comp. Physiol., 58 (suppl.), 33 (1961).

3 Setlow, R. B., in Fundamental Aspects of Radiosensitivity, Brookhaven Symposia in Biology,
vol. 14 (1961), p. 1.

4 Setlow, J. K., and R. B. Setlow, these PRoCEEDINGS, 47, 1619 (1961).

5 Johns, H. E., S. A. Rapaport, and M. Delbriick, J. Molec. Biol., 4, 104 (1962).

¢ Deering, R. A., and R. B. Setlow, in Abstracts Biophysical Society M eeting (Washington, D. C.,
February, 1962).

7 Setlow, R. B., in Abstracts Biophysical Society Meeting (Washington, D. C., February, 1962).

8 Wacker, A., H. Dellweg, and D. Weinblum, Naturwissenschaften, 47, 477 (1960).

? Setlow, R. B., Biochim. et Biophys. Acta, 49, 237 (1961).

10 Josse, J., A. D. Kaiser, and A. Kornberg, J. Biol. Chem., 236, 864 (1961).

11 Smietanowska, A., and D. Shugar, Bull. acad. polon. sci. Classe II, 9, 375 (1961).

12 Beukers, R., and W. Berends, Biochim. et Biophys. Acta, 41, 550 (1960).

13 Bollum, F. J., and R. B. Setlow, Federation Proc., 21, 374 (1962).

14 Setlow, J. K., Nature, 194, 664 (1962). . ’

18 Rupert, C. S., and S. H. Goodgal, Nature, 185 556 (1960).

16 Shugar, D., in Nucleic Acids, ed. E. Chargaff and J. N. Davidson (New York: Academic
Press, Inc., 1960), vol. 3, p. 39.



